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ABSTRACT
The slow solar wind is typically characterized as having low Alfve´nicity. However, Parker Solar
Probe (PSP) observed predominately Alfve´nic slow solar wind during several of its initial encounters.
From its first encounter observations, about 55.3% of the slow solar wind inside 0.25 au is highly
Alfve´nic (|σC | > 0.7) at current solar minimum, which is much higher than the fraction of quiet-Sun-
associated highly Alfve´nic slow wind observed at solar maximum at 1 au. Intervals of slow solar wind
with different Alfve´nicities seem to show similar plasma characteristics and temperature anisotropy
distributions. Some low Alfve´nicity slow wind intervals even show high temperature anisotropies,
because the slow wind may experience perpendicular heating as fast wind does when close to the
Sun. This signature is confirmed by Wind spacecraft measurements as we track PSP observations to
1 au. Further, with nearly 15 years of Wind measurements, we find that the distributions of plasma
characteristics, temperature anisotropy and helium abundance ratio (Nα/Np) are similar in slow winds
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with different Alfve´nicities, but the distributions are different from those in the fast solar wind. Highly
Alfve´nic slow solar wind contains both helium-rich (Nα/Np ∼ 0.045) and helium-poor (Nα/Np ∼ 0.015)
populations, implying it may originate from multiple source regions. These results suggest that highly
Alfve´nic slow solar wind shares similar temperature anisotropy and helium abundance properties with
regular slow solar winds, and they thus should have multiple origins.
Keywords: Alfve´nic slow solar wind, helium abundance, temperature anisotropy, solar wind, origin
1. INTRODUCTION
Solar wind is an ionized plasma that flows out from the Sun; it consisting of protons, electrons, alpha particles
and some minor ions (McComas et al. 2007; Priest 2014). The solar wind can be classified into slow solar wind
(SSW; vsw < 450 km s
−1) and fast solar wind (FSW; vsw > 450 km s−1). They generally manifest different plasma
characteristics and have different solar origins (e.g. Wang et al. 2000; Kasper et al. 2007; McComas et al. 2013; Huang
et al. 2016a,b). SSW is generally characterized by high proton density, low bulk speed and low proton temperature,
while FSW shows opposite plasma signatures (Borrini et al. 1981; Suess et al. 2009). The compositional measurements
of helium particle and minor ions give clues to identify the source regions of different solar winds (Feldman et al. 1981;
Geiss et al. 1995; Bochsler 2007; Chandran et al. 2013; Kasper et al. 2013). The freezing-in temperature, as interpreted
by charge states of minor ions, indicates the coronal electron temperature, because the ionization and recombination
processes of the minor ions are balanced at about 1.2-3.5 solar radii (RS) and the temperature frozen in as the solar
wind propagates outward into collisionless regime (Bu¨rgi & Geiss 1986; Ko et al. 1997; Zhao et al. 2009; Huang et al.
2017; Huang et al. 2018). The elemental abundance ratios are associated with the first ionization potential (FIP) effect,
which is a consequence of processes occurring near the large temperature gradients at the base of the solar transition
region (Geiss 1982; Fisk et al. 1999; Raymond 1999). These compositional parameters are retained as the solar wind
propagates beyond a certain height from the Sun, thus they can link the in situ characteristics of different kinds of
solar wind to their source regions with high confidences(Kasper et al. 2007; Zhao et al. 2009; Fu et al. 2017). As the
SSW shows higher charge states and elemental abundance ratios of minor ions than those in FSW, it is likely that
the SSW originates from regions with higher electron temperature and larger long-lived magnetic loops (Fisk et al.
1999; Fisk & Schwadron 2001), i.e. closed magnetic field regions such as helmet streamer (Suess et al. 2009; Liu et al.
2014; Peng et al. 2017), pseudostreamer (Crooker et al. 2014; Huang et al. 2016a,b), active regions (Kasper et al. 2007;
Brooks et al. 2015), small coronal holes and coronal hole boundaries (Higginson et al. 2017; Wang 2017; Liu et al.
2020), while the FSW comes from open magnetic field regions, namely coronal holes and their associated regions (Tu
et al. 2005; Cranmer 2009; Abbo et al. 2016). In addition, helium abundance ratio (Nα/Np) are usually depleted in
the vicinity of heliospheric current sheet (HCS) while enhanced in FSW and magnetic clouds, implying the depletion
may originate from closed field regions of helmet streamer (Borrini et al. 1981; Gosling et al. 1981; Suess et al. 2009).
Moreover, the Nα/Np dependence on solar wind speed and solar activity indicates that, in SSW, the depleted Nα/Np
(helium-poor population, Nα/Np ∼ 0.015) at solar minimum could originate from helmet streamer and the enhanced
Nα/Np (helium-rich population, Nα/Np ∼ 0.045) at solar maximum may come from active regions (Kasper et al. 2007,
2012; Alterman et al. 2018; Alterman & Kasper 2019).
The origins of SSW are still debated, and it is one of the major unsolved problems in heliosphere physics (Antiochos
et al. 2011). There are two main challenges to addressing this problem: one is the much larger distributions across
latitude (especially at solar maximum) of SSW than expected (Goldstein et al. 1996; Wang et al. 2000), and the other
is the far more dynamic and variable nature of SSW than FSW (Antiochos et al. 2011; Viall & Vourlidas 2015; Abbo
et al. 2016). With respect to its highly variable characteristics, the Alfve´nicity, which measures the correlation of the
magnetic field and solar wind velocity fluctuations, is an example. Generally, FSW shows high Alfve´nicity, while SSW
is less Alfve´nic. However, highly Alfve´nic SSW was first reported from Helios observations at distances around 0.3
au (Marsch et al. 1981), which suggests this kind of SSW shares similar signatures as FSW, except the bulk speed.
Current multi-event studies of Alfve´nic SSW (DAmicis & Bruno 2015; DAmicis et al. 2016, 2018) further indicate that
the Alfve´nic SSW shows nearly the same charge states ratios (C6+/C5+ and O7+/O6+) as FSW, and its temperature
anisotropy (T⊥/T‖) also shifts from the isotropic state of regular SSW (T⊥/T‖ ∼ 1) to anisotropies typical of the
FSW (T⊥/T‖ > 1), implying that the Alfve´nic SSW and FSW share similar signatures at both macro and micro scales.
Therefore, they likely originate from the same source regions, i.e. coronal holes. An investigation of radial variations of
temperature anisotropy and cross helicity with Helios data (Stansby et al. 2019) reveals obviously separated anisotropic
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and isotropic temperatures of solar wind at around 0.3 au, with the anisotropic Alfve´nic wind arising from the central
regions of coronal holes, while the isotropic Alfve´nic wind comes from active regions or coronal hole boundaries, and
the isotropic non-Alfve´nic wind from small scale transients, but there is no anisotropic non-Alfve´nic solar wind.
In the solar wind, Alfve´nicity decreases with distance (Roberts et al. 1987; Bruno et al. 2007) due to multiple
factors, such as solar wind interactions, velocity shears and turbulence evolutions (Bruno et al. 2006; DAmicis et al.
2018; Stansby et al. 2019), thus it would be reasonable to investigate the nature of Alfve´nic SSW by utilizing near-Sun
observations before the Alfve´nicity decays. Besides, statistical study may give a more comprehensive figure of Alfve´nic
SSW than multi-event studies do. The Parker Solar Probe (PSP) mission (Fox et al. 2016) is designed to fly into
the Sun’s atmosphere with unprecedented close approaches. Currently, PSP has completed four orbits with an initial
perihelion of about 35.7 RS from the Sun’s surface, and first overviews of the solar wind observed during the first two
encounters have been reported (Kasper et al. 2019; Bale et al. 2019). As PSP provides unique observations of Alfve´nic
SSW in the inner heliosphere, we statistically compare its properties with other solar wind intervals, characterizing
the origins of SSW during the first encounter (E1) PSP data inside 0.25 au. We introduce the data in Section 2. In
Section 3, we present an example of Alfve´nic SSW, investigate the temperature anisotropy variations, and compare
with 1 au observations. The discussions and results summarized are given in Section 4.
2. DATA
The Solar Wind Electrons, Alphas, and Protons (SWEAP) instrument suite (Kasper et al. 2016) and the FIELDS
instrument suite (Bale et al. 2016) onboard PSP provide the data used in this work.
SWEAP includes the Solar Probe Cup (SPC) (Case et al. 2020) and Solar Probe Analyzers (SPANs) (Whittlesey
et al. 2020; Roberto & SWEAP 2019). It is designed to measure velocity distributions of solar wind electrons, protons,
and alpha particles. In this paper, we focus on proton measurements from SPC, which is a Sun-pointed Faraday Cup.
The proton data are derived from both moment and non-linear fitting algorithms (Kasper et al. 2002). The moment
algorithm returns characteristics of a single, isotropic proton population. The non-linear fitting algorithm assumes a
proton core and a proton beam population. Generally, the proton core corresponds to the peak of the solar wind proton
velocity distribution function (VDF) and the beam corresponds to its shoulder. A summed core+beam population,
which takes into account their relative drift, is also reported. FIELDS is designed to measure DC and fluctuating
magnetic and electric fields, plasma wave spectra and polarization properties, the spacecraft floating potential, and
solar radio emissions (Bale et al. 2016).
SPC’s operation mode varies with the distance from the Sun. During Encounter mode when PSP is inside 0.25 au
or 54RS , its sampling rate is highest (Kasper et al. 2016), and SPC collected one measurement every 0.874 s in E1
(Case et al. 2020). For Cruise mode, the time resolution is lowered to 27.962 s during E1 (Case et al. 2020). We select
intervals for which all the SPC proton quality flags (except for the four flags associated with helium measurements
that are still under calibration) indicate good observations.
PSP/FIELDS collects high resolution vector magnetic fields with variable time resolutions. During E1, the data
rates vary from 2.3 Hz to 293 Hz (Bale et al. 2019). As these data rates are markedly higher than SPC’s, we interpolate
them to the lower time resolution of plasma data for this work.
The proton temperature anisotropies are estimated by comparing the variation of radial temperature of solar wind
with the orientation of the magnetic field, with details presented in Huang et al. (2020). In this work, we use the 10s
cadence temperature anisotropy data, which are derived from SPC moment data set, inside 0.25 au, i.e. from Oct.
31st, 2018 to Nov. 11th, 2018.
3. OBSERVATIONS
3.1. Overview
The Alfve´nicity is interpreted by normalized cross helicity (σC) that is defined as σC = (E
+ − E−)/(E+ + E−),
where E± corresponds to the power spectra of Elsa¨sser variables z± = δv ± δB/√µ0ρ0 (Wicks et al. 2013; Chen
et al. 2013). µ0 is the vacuum magnetic permeability, ρ0 is proton moment density, and δv and δB represent the
fluctuations of velocity and magnetic field, respectively. The σC values of -1 and 1 indicate a pure Alfve´n wave
propagating sunward and anti-sunward. The residual energy σR = (E
v − Eb)/(Ev + Eb) is calculated to indicate the
difference between kinetic energy (Ev) and magnetic energy (Eb) (Wicks et al. 2013; Chen et al. 2013). Chen et al.
(2020) and Parashar et al. (2020) find the correlation time for the magnetic field observed by PSP fluctuates between
300s and 600s. Therefore, we choose 20 minutes, which covers 2 to 4 correlation times, to calculate the background
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velocity and magnetic fields used to calculate the cross helicity in this work. McManus et al. (2020) suggest that σC is
unaffected by switchbacks, which are Alfve´nic structures that are prevalent in the inner heliosphere (Bale et al. 2019;
Kasper et al. 2019; de Wit et al. 2020; Horbury et al. 2020; Mozer et al. 2020), thus we will include them in this study.
We note that, the kinetic features of cross helicity and residual energy are investigated with PSP measurements by
Vech et al. (2020).
Figure 1 presents an overview of cross helicity variations with solar wind speed (upper panels) and residual energy
(lower panels) inside 0.25 au. From left to right, the panels show the variations in all solar wind, SSW and FSW,
respectively. The colorbar indicates the normalized ratios of bin counts to the maximum bin value, and the red
histogram in the upper panels represents the fraction of high Alfve´nicity solar wind (|σC | > 0.7) at each speed bin.
Panel (A1) indicates that high Alfve´nicity population exists in all solar wind but with different proportion, and high
|σC | population shows a nearly positive correlation with solar wind speed (red histograms). Panel (A2) further suggests
that high Alfve´nicity population generally shows roughly balanced kinetic and magnetic energy (σR ∼ 0), implying
nearly pure Alfve´n fluctuations close to the Sun, which was reported in Kasper et al. (2019). However, kinetic energy
dominates in non-Alfve´nic population. Panel (B1) and (B2) clearly reveal similar signatures in SSW. It seems the
high Alfve´nicity population decreases significantly when solar wind speed is very low, which could be caused by the
compressions in ”very slow solar wind” (Sanchez-Diaz et al. 2016), while the decrease at around 450 km s−1 is probably
associated with the speed shears between SSW and FSW. Panel (C1) and (C2) denote that high Alfve´nicity population
with nearly equal kinetic and magnetic energy dominates 79.1% of the FSW. This ratio is 55.3% for SSW and 57.3%
for all measured solar wind inside 0.25 au. If we exclude the time periods of switchbacks, we find the high Alfve´nicity
population of SSW decreases to 55.2%, while the number for FSW and all measured solar wind are 78.8% and 57.5%,
respectively. The slight differences support above conclusion that the switchbacks may not affect the σC significantly,
and they may only slightly contribute to the Alfve´nicities in the solar wind during E1. Even though the highly Alfve´nic
population in the SSW is less prominent than that in the FSW, the percentage of 55.3% at current solar minimum is
much larger than the 34% of quiet-Sun-associated Alfve´nic SSW as observed at solar maximum at around 1 au (Wang
et al. 2019), implying that high-Alfve´nicity SSW is prevalent in the inner heliosphere even at solar minimum.
3.2. Plasma Signatures
In this section, we present an example of Alfve´nic SSW, and compare its plasma signatures with that of typical
SSW from a helmet streamer, i.e. heliospheric plasma sheet (HPS). The HPS is defined as a region with high plasma
beta β region in vicinity of the HCS (Winterhalter et al. 1994; Liu et al. 2014; Peng et al. 2019). Szabo et al. (2020)
lists eight HCSs with multiple crossings based on PSP E1 observations, with the most distance crossing measured at
0.69 au. In order to choose the least evolved HPS SSW for comparison and given that no HCS crossing is measured
inside 0.25 au during E1, we select the HPSs inside 0.35 au for study, and we note that the SSW inside 0.25 au in this
work means non-HPS SSW unless otherwise specified. Due to the multiple rapid crossings of HCSs, the HPSs are also
multiple and rapidly crossed. However, we exclude the rapid HPS crossings, and only select cases that last for a time
period in the vicinity of HCS-associated high density regions as marked by Szabo et al. (2020). Table 1 lists three
HPSs with their possible start time, end time, and radial distance presented.
Figure 2(A) shows the second HPS crossing on Oct. 29th, 2018. From top to bottom, the panels show magnetic field
components in RTN coordinates, azimuthal angle φB , proton number density Np, bulk speed, proton temperature Tp,
plasma beta β, and entropy (Sp = Tp/N
2/3
p ). The vertical red dashed lines mark the HPS structure with β increases
from a baseline of about 1 to nearly 10, and it shows typical SSW characteristics with high density, low temperature
and low entropy. The correlation coefficients between the RTN components of δv and δB are (-0.40, 0.23, -0.26),
and the average |σC | is 0.36, indicating low Alfve´nicity. Figure 2(B) presents 6 hours of Alfve´nic SSW during E1
perihelion, with the same format as Figure 2(A). It is clear to see the low density, high temperature and high magnetic
field strength, and the resulting β is generally smaller than 1, implying the magnetic pressure dominates. Besides,
the entropy seems to be more variable than that in HPS. The correlations of δv and δB are (0.93, 0.74, 0.84), and
the relative lower correlation in tangential direction could be caused by the one-sided Alfve´nic structures (Kasper
et al. 2019). The average |σC | is 0.78, and high Alfve´nicity SSW occupies 76.3% of this interval, indicating the highly
Alfve´nic nature of this interval of solar wind.
The plasma characteristics of the 6 hours Alfve´nic SSW are similar to previous results (DAmicis et al. 2018), which
suggest the Alfve´nic SSW originates from a coronal hole. This assessment agrees with the interpretation presented by
Bale et al. (2019), which suggests that this interval comes from a small equatorial coronal hole using the PFSS model
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Figure 1. Cross helicity variations in all solar wind, slow solar wind and fast solar wind inside 0.25 au. The upper panels
show cross helicity variations with solar wind speed. The red histogram lines indicate the ratio of high Alfve´nicity (|σC | > 0.7)
solar wind at each bins. The lower panels show the cross helicity variations with residual energy. The colorbar indicates the
normalized ratios of bin counts to the maximum bin value.
.
and extreme-ultraviolet map. However, we could not find significant differences of these plasma signatures in SSWs
with different Alfve´nicities. Figure 3 shows the normalized frequency of plasma parameters in different solar winds,
with the blue and black histograms representing HPS SSW and FSW below 0.25 au, respectively. We further separate
the non-HPS SSW into low (|σC | < 0.3), medium (0.3 ≤ |σC | ≤ 0.7) and high (|σC | > 0.7) Alfve´nicity SSW, with the
histograms colored with green, orange and red, respectively. From panel (A) to (F), the variations of proton speed,
temperature, density, magnetic field strength, plasma beta and proton entropy are presented. The parameters are
measured at different radial distances, we thus scale them (except speed) to 0.25 au for comparison. The temperature
is scaled with (RS/0.25)
4/3, the density and magnetic field strength are scaled with (RS/0.25)
2, with the plasma beta
is normalized to (RS/0.25)
−2/3 while the proton entropy is kept the same (e.g. Huang et al. 2020). The scaled results
from E1 are not significantly affected, because the radial distance changes only from 0.169 to 0.25 au during E1. In
panel (A), the speed of FSW is presented on the same axis by subtracting its value by 250 km s−1. Even though the
magnetic field strength and plasma beta of the FSW and SSW overlap a little, other parameters show very distinct
signatures for the two kinds of wind. The results suggest that the HPS SSW and FSW are different from the non-HPS
SSW, while the SSWs with different Alfve´nicities are similar except slight differences, implying high Alfve´nicity SSW
is not remarkably different from other non-HPS SSWs.
3.3. Temperature Anisotropy
In order to investigate the thermodynamic state of Alfve´nic SSW in the heliosphere, we compare the temperature
anisotropy variations in different solar winds in this section.
Figure 4 presents the temperature anisotropy as a function of parallel plasma beta (β‖p = 2µ0NpkBT‖p/B2, where
T‖p and kB denote the parallel temperature and Boltzmann constant, respectively, and the proton moment values
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Table 1. Heliospheric Plasma Sheet Crossings during E1 inside 0.35 au.
HPS NO. Start Time (UT) End Time (UT) Radial Distance (au)
#1 2018/10/28 02:58 2018/10/28 12:04 ∼ 0.32
#2 2018/10/29 12:40 2018/10/29 15:58 ∼ 0.30
#3 2018/11/13 18:32 2018/11/13 21:52 ∼ 0.30
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Figure 2. Comparison between heliospheric plasma sheet (HPS) and highly Alfve´nic slow solar wind. As shown by dashed red
lines, Figure (A) and Figure (B) show the general characteristics of a heliospheric plasma sheet observed on October 29th, 2018
and a 6-hour time period of Alfve´nic slow solar wind around E1 perihelion, respectively.
.
are used to calculate the parameters). The colorbar shows the probability density in each bin, and we follow the
method of Maruca et al. (2011, 2018) to define the probability density, i.e. p = n/(N ∆β‖p ∆(T⊥p/T‖p)), where n
is the number of data in the bin, N is the total amount of data in the data set, and ∆β‖p and ∆(T⊥p/T‖p) are the
widths of the bin along each axis. The red, blue, orange and green dashed lines in each panel indicate the mirror,
ion-cyclotron, parallel and oblique firehose instabilities (Kasper et al. 2002, 2007; Maruca et al. 2012; Verscharen et al.
2016; Klein et al. 2017, 2018), respectively, with the thresholds from Hellinger et al. (2006). The black line represents
the observed anti-correlation between T⊥p/T‖p and β‖p, which is first derived from Helios observations by Marsch
et al. (2004). This relationship is believed to be formed by resonant interactions between ion cyclotron waves and
protons, as described by the quasi-linear theory of pitch angle diffusion (Marsch et al. 2004). Panel (A) and Panel (B)
show the distributions in non-HPS SSW inside 0.25 au and in HPSs, respectively. The typical helmet streamer SSW,
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Figure 3. The normalized frequencies of plasma characteristics in different solar wind streams. Panel (A) to (F) shows the
variations of solar wind speed, proton temperature, density, magnetic field strength, plasma beta and proton entropy, respectively.
The colors represent different solar wind streams, with black, blue, red, orange, and green histograms indicating fast solar wind
(FSW), HPS slow wind, high Alfve´nic slow solar wind (High ASSW; |σC | > 0.7), medium ASSW (0.3 ≤ |σC | ≤ 0.7) and low
ASSW (|σC | < 0.3), respectively. FSW speed in panel (A) is subtracted 250 km s−1 to fit the figure. Temperature, density,
magnetic field strength, the resulted plasma beta, and proton entropy (keeps the same after scaling) are scaled to 0.25 au for
comparison.
.
even with limited data points, displays the expected large β‖p and isotropic T⊥p/T‖p, but the non-HPS SSW includes
both isotropic and anisotropic temperatures. FSW in Panel (C) generally shows larger temperature anisotropies that
match pretty well with the anti-correlation model. This is already observed from 0.3 to about 1 au with Helios and
Ulysses data (e.g. Matteini et al. 2007), thus it is most likely not an observational bias due to only one orbit of PSP
data is used here. Furthermore, the distributions in low, medium and high Alfve´nicity SSW are exhibited in Panel
(D1) to (D3). In comparison, low |σC | SSW is dominated by isotropic temperatures, while high |σC | SSW has more
anisotropic temperatures. However, all of them, no matter their Alfve´nicities, have both isotropic and anisotropic
temperatures, and similar distribution shapes. This is different from previous results based on a multi-event study
that highly Alfve´nic SSW shows similar microphysical states as FSW, but deviates from that of regular SSW (they
do not separate HPS and non-HPS SSWs) (DAmicis et al. 2018). As introduced by Huang et al. (2020), the non-HPS
SSW may experience perpendicular heating as FSW does when close to the Sun, which contributes to the anisotropic
temperatures.
3.4. Comparisons with 1 au observations
In this section, we compare Alfve´nic SSW in the inner heliosphere with that at 1 au observed by the Wind spacecraft.
The Wind/SWE Faraday cups measure the reduced distribution functions of solar wind proton and helium along 40
angles every 92 s (Ogilvie et al. 1995). In this study, we use the data of velocity, number density, and temperature
anisotropies. The temperature anisotropies are derived by fitting the measurements with convected bi-Maxwellian
distribution functions (Kasper et al. 2006, 2007). The magnetic field data are from Wind/MFI (Lepping et al. 1995).
Only data from June 2004 and after are selected (about 15 years), as Wind has resided as the Lagrange 1 point since
that date. Further, if we only select the Wind measurements at solar minimum to make the comparisons, the following
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Figure 4. The probability density variations of temperature anisotropy in different solar wind streams. Panel (A) and (B)
show the variations in non-HPS and HPS slow solar wind, respectively. Panel (C) indicates temperature anisotropy variations
in fast solar wind. Panel (D1) to (D3) present the variations in Alfve´nic SSW with low (|σC | < 0.3), medium (0.3 ≤ |σC | ≤ 0.7)
and high (|σC | > 0.7) Alfve´nicity in turn. The red, blue, orange and green dashed lines in each panel indicate the mirror,
ion-cyclotron, parallel and oblique firehose instabilities, respectively. The black line represents the anti-correlations between
temperature anisotropy and parallel plasma beta.
.
results do not change significantly. We note that varied time scales from several minutes to some hours are used in
previous works to derive the cross helicity with Wind data (e.g. Wicks et al. 2013; Jagarlamudi et al. 2019). In this
work, we calculate the cross helicity in every 20 minute interval, because the resulted mean cross helicity seems to be
slightly higher than that calculated with other time scales. However, the time scale does not significantly affect our
results as we tried several different time scales to calculate the cross helicity.
We first investigate the Wind observations of the SSW observed by PSP in the inner heliosphere. Szabo et al.
(2020) suggested that the HCS crossings match remarkably well between Wind and PSP observations by shifting
either forward or backward of PSP measurements to 1 au based on solar equatorial rotation rate and solar longitude.
Thus, we select the solar wind between NO. 2 and NO. 3 HPSs in Table 1 for comparison. According to their results,
Wind should observe the solar wind from 2018 November 01 06:00 UT to 2018 November 04 01:00 UT with backward
shifting method, and from 2018 November 25 04:00 UT to 2018 December 01 08:00 UT with forward shifting method.
Figure 5 presents the T⊥p/T‖p variations with |σC | in SSW, with the colorbar indicating the Nα/Np. The average
values of T⊥p/T‖p and Nα/Np (multiplied by 40) at each |σC | bin are denoted by triangles and diamonds, respectively.
It seems the temperature anisotropies are generally smaller than that in the inner heliosphere as shown in following
Figure 7, and the values are independent of |σC |. These results support our statement above that the temperature
anisotropies are similar in non-HPS SSW with different Alfve´nicities. Moreover, the Nα/Np ratio shows a similar
distribution with |σC |, but higher Alfve´nicity SSW has slightly higher Nα/Np value, implying highly Alfve´nic SSW
may have different source regions.
Second, we use the nearly 15 years Wind data to statistically study the temperature anisotropy and helium abundance
ratio distributions in different solar wind streams. Similar to Figure 4, we present Wind observations of T⊥p/T‖p
probability density variations in Figure 6. As we have nearly 15 years of data, we use more strict criterion to select
solar wind here, with FSW faster than 600 km s−1 and SSW slower than 400 km s−1. Panel (A) and Panel (B)
PSP SSW 9
show the total proton temperature anisotropy distributions in SSW and FSW, respectively. It is clear to see the
SSW generally has smaller anisotropies than FSW, and they are both well constrained by mirror and oblique firehose
instabilities. In the FSW, the total proton temperature anisotropy seems to anti-correlate with parallel beta, but it is
not as robust as that for proton core population (Hellinger et al. 2006). Panels (C1) to (C3) display the temperature
anisotropy distributions in the SSW with different Alfve´nicities, exhibiting very similar distribution shapes, but their
shapes are much differ from FSW. Similar results are found from the normalized frequency variations of different
plasma characteristics (not shown). Therefore, these results confirm that highly Alfve´nic SSW may have similar micro
state and plasma characteristics with other SSW, which is the same as PSP results.
Furthermore, we investigate temperature anisotropy variations with cross helicity and solar wind speed at different
radial distances in Figure 7. The upper panels display the T⊥p/T‖p variations with solar wind speed, with the color
representing the mean |σC | value at each bin. Lower panels exhibit T⊥p/T‖p as a function of |σC |, with the colorbar
indicating the normalized ratios. From left to right, PSP moment observations inside 0.25 au, Helios proton core
data from 0.3 to 0.4 au and from 0.9 to 1.0 au, and Wind moment results at around 1.0 au are presented. The
Helios data from both Helios spacecraft are used, with the Helios 1 data covering late 1974 to 1985 and the Helios
2 data covering 1976 to 1980, and the cross helicity is calculated every 20 minute with the time scale selected by
Stansby et al. (2019). The Helios results in this figure have been presented by Stansby et al. (2019), we include
them for comprehensive comparisons. Wind data in panels (D1) and (D2) confirm the well-known scenario that FSW
generally has higher Alfve´nicity and T⊥p/T‖p than SSW. Helios observations in panels (B2) and (C2) reveal the obvious
separation of isotropic and anisotropic temperatures near the Sun, and the non-Alfve´nic but anisotropic solar wind
disappears when close to the Sun. Accordingly, Stansby et al. (2019) classify the solar wind into three types with
Alfve´nicity and temperature anisotropy: (1) anisotropic and Alfve´nic solar wind, (2) isotropic and Alfve´nic solar wind,
and (3) isotropic and non-Alfve´nic solar wind. Moreover, panels (B1) and (C1) denote the SSW is more Alfve´nic when
closer to the Sun, and SSW nearly solely contributes to the isotropic temperature. However, we cannot see the robust
separation from PSP measurements, which could be caused by the perpendicular heating of SSW and/or the limited
data of the PSP observations as suggested by Huang et al. (2020). Besides, we may need to include non-Alfve´nic
but anisotropic solar wind when much closer to the Sun (see from both Figure 7 and Figure 4). Because some of
the low Alfve´nicity SSW would experience perpendicular heating as well, and thus it is reasonable to see anisotropic
temperatures in low Alfve´nicity SSW. The disappearance of non-Alfve´nic but anisotropic solar wind at around 0.3 au
will be investigated in future work.
Finally, Figure 8 compares the Nα/Np variations in different solar winds, with the average value (red line) at each
Alfve´nicity bin or speed bin overlaid. Panels (A) to (C) show the Nα/Np variations with Alfve´nicity in all solar
wind, FSW and SSW, respectively. The results indicate that the FSW is dominated by helium-rich populations, and
it generally has high Alfve´nicity. However, the Nα/Np ratio in the SSW seems to have a uniform distribution of
Alfve´nicities, with higher Alfve´nicity SSW has slightly more helium-rich populations, which is consistent with results
in Figure 5. Panels (D) to (F) present the Nα/Np variations with solar wind speed in all solar wind, FSW and SSW,
respectively. They further confirm the above statement that the helium-rich population dominates in FSW, while SSW
includes both helium-rich and helium-poor populations, as Kasper et al. (2007, 2012) suggest. Typically, in SSW, the
helium-poor population dominates at solar minimum may come from closed magnetic field regions (Kasper et al. 2007,
2012), and the helium-rich population at solar maximum may originate from active regions (Kasper et al. 2007, 2012)
and/or small coronal holes nearby (Wang 2017). The Nα/Np variations in different Alfve´nicity SSWs are displayed
in panels (G1) to (G3). We can see that they all have the two helium populations, and high Alfve´nicity SSW has
more helium-rich population, which is consistent with above results. However, their similar distributions imply similar
but multiple source regions of SSW with different Alfve´nicities. This result may revise previous argument that highly
Alfve´nic SSW originates from fast-wind-like source regions due to the fact that they share similar charge states and
temperature anisotropy distributions (DAmicis et al. 2018).
4. DISCUSSION AND SUMMARY
Using PSP E1 observations, we investigate the properties of Alfve´nic SSW in between 35.7 RS to 54 RS . The highly
Alfve´nic SSW dominates about 55.3% of the SSW at current solar minimum, indicating its prevalence in the inner
heliosphere. By comparing the plasma characteristics and temperature anisotropy variations in different solar winds,
we find the SSWs with different Alfve´nicities display similar distributions but are distinct from that of FSW. The results
imply no significant deviations of highly Alfve´nic SSW from regular SSW in both macro- and micro-physical states.
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Figure 5. Wind observations of the slow solar wind, which corresponds to the stream of plasma previously observed by PSP in
the inner heliosphere. The colorbar indicates the helium abundance ratio at each bin. The triangles and diamonds represent the
median temperature anisotropy and helium abundance ratio (multiplied by 40) at each absolute cross helicity bin, respectively.
.
Moreover, the low Alfve´nicity SSW may have high temperature anisotropies, and it further suggests that the solar wind
classifications based on temperature anisotropy and Alfve´nicity may need to be reconsidered in the inner heliosphere,
where the SSW may experience perpendicular heating as FSW does, contributing to the anisotropic but non-Alfe´vnic
temperatures. In addition, based on nearly 15 years Wind measurements at 1 au, we first trace the SSW observed
by PSP to 1 au, and then statistically study the temperature anisotropy and helium abundance ratio variations in
different solar winds. These results are consistent with PSP observations that the SSWs with different Alfve´nicities
have similar plasma signatures and temperature anisotropy distributions, but are different from the FSW. Further,
the same feature is found for the helium abundance ratio variations. Both helium-rich and helium-poor populations
in highly Alfve´nic SSW imply that the highly Alfve´nic SSW should originate from multiple source regions.
These results indicate that highly Alfve´nic SSW may share similar plasma characteristics and temperature anisotropy
distributions (both at 1 au and inside 0.25 au), and helium abundances (at 1 au) with regular SSW, presenting
difficulties to identify the origin and evolution of high Alfve´nicity SSW. It is reasonable to see high Alfve´nicities in
SSW from open field regions, but the formation of Alfve´nicity in SSW from closed field regions is still unclear. Moreover,
the newly observed prevalent switchbacks in the inner heliosphere are identified as highly Alfve´nic structures that exist
in both SSW and FSW (Kasper et al. 2019; Bale et al. 2019). However, these switchbacks are rarely observed at 1 au.
Therefore, their contributions to the Alfve´nicities of SSW at different radial distances need more study. The helium
abundance data from PSP and compositional measurements from Solar Orbiter in the future will help to further verify
the origin and evolution of Alfve´nic SSW.
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Figure 6. Wind observations of temperature anisotropy probability density variations in different solar wind streams, with
same format as Figure 4. The Wind measurements after June 2004 are selected. Panel (A) and (B) show the variations in slow
and fast solar wind, respectively. Panel (C1) to (C3) present the variations in Alfve´nic slow solar wind with low (|σC | < 0.3),
medium (0.3 ≤ |σC | ≤ 0.7) and high (|σC | > 0.7) Alfve´nicity in turn.
.
Figure 7. Temperature anisotropy variations with absolute cross helicity and solar wind speed at different radial distances.
Upper panels show the T⊥p/T‖p variations with solar wind speed, with the color indicating the mean |σC | value at each bin.
Lower panels show T⊥p/T‖p varies with |σC |, with the colorbar indicating the normalized ratios of bin counts to the maximum
bin value.. From left to right, PSP observations inside 0.25 au, Helios measurements from 0.3 to 0.4 au and from 0.9 to 1.0 au,
and Wind results at around 1.0 au are presented in turn.
.
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Figure 8. Wind observations of helium abundance ratios in different solar wind streams at 1 au. The Wind measurements
after June 2004 are selected. Panel (A) to (C) compares the Nα/Np variations with Alfve´nicity in all solar wind, fast solar
wind and slow solar wind, respectively. Panel (D) to (F) shows their variations with solar wind speed in different solar winds.
Panel (G1) to (G3) presents helium abundance ratios in slow solar winds with different Alfve´nicities. The red line in each panel
indicates the average helium abundance ratio at each Alfve´nicity bin or speed bin. The colorbar indicates the normalized ratio
of bin counts to the maximum bin value..
.
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